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Abstract 
In a fire, the thermal stress upon window glass caused by a temperature difference between exposed and shaded areas is the key factor 
contributing to glass fracture. The purpose of this study is to investigate the effects of different shaded conditions on the glass when it is 
exposed to fire. Eleven different shading cases were simulated using finite element method (FEM) software, called EASY, which was 
developed by the authors and verified accurately by theory. The glass surface temperatures, stress field, the time and location of crack 
initiation and crack propagation were presented. It was found that the center shaded case is a safer way to protect the glass from cracking, 
and the four corners shaded case has greater probability of cracking. The stress and fracture models for shading glass can be applied in 
predicting the probability of crack initiation, the distribution variation of temperatures and the stress time history under certain thermal 
loads. Furthermore, practical advice to optimize the window installation design or ways of shading to protect the glass from falling out in 
a fire can be obtained from the results.  
© 2013 Published by Elsevier Ltd. Selection and/or peer-review under responsibility of the Asia-Oceania Association for Fire Science 
and Technology. 
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1. Introduction  
When window glass is subjected to thermal loading, the area that is exposed to the fire absorbs heat, rises in temperature 
and expands very quickly, while any shaded areas keep cool. This results in temperature differences and induces tensile 
stress at the edge of the glass [1, 2]. If the stress exceeds the glass strength, cracks will be initiated at the largest stress-
concentrating defects, which can propagate at a speed of several kilometers per second and form islands, making the glass 
fall out [3]. Thus a new vent is formed in the compartment boundary through which fresh air could be supplied for the fire.  
The breakage of window glass in fire was first proposed by Emmons as an important problem [4]. After Emmons’s 
identification of the topic, numerous experiments and theoretical analyses were conducted to reveal breakage mechanisms 
[5-9]. From the previous results, it is thought that T is a significant parameter for determining the breakage of glass, in the 
Eq. (1) [5]: 
y= (T T0)                                                                                (1) 
where y is the normal failure stress,  is Young's Modulus,  is the coefficient of linear thermal expansion, T  is the heated 
glass temperature, T0 is the shaded glass edge temperature and T= T T0. Eq. (1) indicates that the various types of 
shadows affect the stress directly, which will cause different thermal response and possible crack consequences. 
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Many researchers have also simulated glass stress under thermal loading and a lot of information has been generated. 
However, very little data on three-dimensional computer analysis of thermal stress and crack propagation in glass using 
FEM has been reported, especially relating to the effects of various shaded conditions on glass. 
As mentioned above, the manner in which glass is shaded affects the distribution of temperature and stress, the location 
of crack initiation and the propagation of cracks, so it is necessary to investigate the key influencing factors. To enable a 
range of simulations, a total of 11 different shaded cases were designed to investigate the influencing factors, using the 
finite element analysis software EASY, which was developed by the authors [10]. The following sections of this paper 
discuss the results obtained by simulation and calculation in detail.  
2. Thermal load and principle formulas   
Due to the frame shading, there is an increase in thermal stresses compared with the unshaded glass panes. And shaded 
patterns mainly include (a) horizontal or vertical; (b) superposition of horizontal and vertical; and (c) diagonal [11]. For 
these reasons, eleven different shaded glasses including no shade, which can be expected on any windows, were 
investigated as shown in Fig. 1. Among these patterns, case (1), (7), (8), (10), (11) are often chosen in practice engineering, 
while the others are our academic interest to make investigations and comparisons. Dark regions represent the area shaded 
by window frame or other shadings, and white regions represent the exposed area. The size of these glasses is the same 
0.003 × 0.2 × 0.2 m3 and 2 × 36 × 36 hexahedron elements were taken to simulate the glazing behaviors. 
 
(1)                            (2)                            (3)                           (4)                           (5) 
 
(6)                                 (7)                                  (8)                                  (9) 
 
(10)                                   (11) 
Fig. 1. Various shading patterns. 
According to the experimental glass surface temperature variation of previous researches [6, 9, 12], the temperature loads 
on the glass identify with the curve in these simulations was designed, as shown in Fig. 2. The involved glasses are heated 
from 300 K to 400 K in 60 seconds with shaded area keeping 300 K. This temperature load is exactly similar with the glass 
surface temperature variance in real fire. To make the simulation more reasonable, the temperature load is was designed 
uniformly on all exposed areas.  
In order to depict the thermal load clearly, the temperature variance of case 5 during simulation by multi-colour picture is 
obtained here as an example, which is shown in Fig. 3. The temperature is consistent with the thermal load depicted in Fig. 2. 
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Fig. 2. Designed glass temperature rising history of glass exposed to 
fire. 
Fig. 3. Glass temperatures at 5 s (333.33 K), 10 s (353.33 K) and 15 s 
(370 K), respectively. 
The stress model was employed in our precious study, and it is simply explained here. The equation of equilibrium 
governing the linear dynamic response of a system of finite elements is [13]:  
+ + =MU CU KU R                                                                         (2) 
where M, C, and K are the mass, damping, and stiffness matrices; R is the vector of externally applied loads; and U, U and 
U  are the displacement, velocity, and acceleration vectors of the finite element assemblage. The Newmark integration 
scheme can be understood to be an extension of the linear acceleration method. The effective method was taken to solve the 
dynamic thermal load response of glass. For the detailed information, please refer the related publications [14]. 
The Coulomb-Mohr criterion is based on the famous Mohr’s circle, which is often used in predicting the failure of brittle 
materials. Here it is chosen to predict the failure of glass under thermal loading. The glass fracture occurs when the 
maximum and minimum principal stresses combine for a condition which satisfies the following: 
    
31
ut uc
1
S S
σσ
− ≥                                                                               (3) 
where Sut and Suc represent the ultimate tensile and compressive strengths. Both 3 and Suc are always negative, or in 
compression. What’ more, the crack growth prediction employs the SIFs based mixed-mode criterion, which is 
satisfied [15, 16]: 
2 2I II
IC IIC
( ) ( ) 1
K K
K K
+ =
                                                                         
(4) 
where, KI and KII are the stress intensity factors for the fracture modes I and II, respectively, which are obtained from the 
simulation. KIC and KIIC denote the individual fracture toughness values of the fracture modes I and II.  
Table 1. Float glass properties [17] 
Properties Symbol Values 
Modulus of elasticity (Young Modulus) (Pa) 
Poisson’s ratio 
Density (kg/m3)  
Thermal expansion co-efficient (/°C) 
Reference temperature (K) 
Tensile strength (Pa) 
Compressive strength (Pa) 
 
 
 
 
TR 
b 
bc 
6.3×1010 
0.22 
2500 
90×10-7 
300 
4.0×107 
4.0×108 
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Implementation of the FEM software requires values for diverse material parameters, so properties of float glass, which 
is the most widely used in China, are chosen in this study. Table 1 shows the parameters that are imported to the input file 
before calculation. 
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Fig. 4. First principal stress field just before first crack time. 
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3. Simulations of glasses by using three dimensional fracture mechanics calculation 
3.1. Stress field 
Throughout the simulation, time interval is set as 0.2 s, and after the crack is initiated the interval will change to be much 
smaller automatically to accommodate the progressing calculation. At any time of the simulation process, the three-
dimensional temperature induced stresses in all directions and stress intensity factor (SIFs) were output to the files. These 
data are used to judge when the glass cracks and whether the crack will grow or arrest. Through the simulation, all of the 
cases cracked within 60 seconds. The stress fields of eleven cases before crack initiated are presented in Fig. 4.  
Here we choose case 5 as an example to discuss the stress results. As Fig. 4(5) and Fig. 5 show, the maximum stress area 
is near the shade borderline, so the first crack starts in this zone. Maximum 1 before the initiation of the first crack is 42.3 
MPa, and once crack appears the stress will get 553.7 MPa at the crack tip. The maximum 1 of the other cases are also 
nearly 40 MPa when glass pane begins crack from the simulation results according to the Coulomb-Mohr criterion. But the 
time of the first crack is different with the varying of shaded conditions. 
After the distribution of the stress was obtained, three typical points were chosen and discussed the stress variance versus 
time. They are named as point 1, point 2 and point 3 from left to right, respectively, as shown in Fig. 6. It can be seen that 
the stress of point 2 is much bigger than that of the other two points all the time. According to the Fig. 5 and Fig. 6, it is 
concluded that the stress of this point is the biggest one throughout the glass pane. Therefore, when the magnitude of the 
biggest principal stress exceeds the glass strength, the first crack starts from this point and propagates to the edge of the 
pane.  
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Fig. 5. The first principal stress distribution after crack.    Fig. 6. First principle stress varies with time. 
The stress can also be simply calculated using the Eq. (1) as previously given in the first section. To make a simple 
verification of our simulated results, case 5, case 7 and case 9 were chosen as examples to compare their simulation stress 
with the calculated results. The first principal stresses of each case at breaking time are listed in Table 2. It can be seen that 
the results agree well with each other. It indicates that the EASY can give acceptable and reasonable simulation and can be 
used to predict thermal stress and experiment results.  
Table 2. Comparison between simulated and theological results  
Case number  Time (s) Simulated results (Pa) Theoretical results (Pa) 
5 
7 
9 
18.4 
17.6 
18.0 
4.23 × 107 
3.99 × 107 
4.55 × 107 
4.12 × 107 
4.09 × 107 
4.11 × 107 
3.2. Occurrence and propagation of the crack 
In this section, the crack initiations and propagations of eleven cases were simulated. The crack patterns are listed in 
Table 3. Most cracks initiate at the edges of the glass pane and near the shaded borderline. It is because the maximum 
tensile stress, which is the main cause of glass breakage, locates there. This is also consistent with the previous experimental 
results. The crack of case 1 and case 10 are in centres, which is because of their stress distributions are very similar as 
shown in Fig. 4(1) and Fig. 4(10). In case 10, the shaded corners not affect the results as it is too small and located 
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extremely symmetrically. It was found crack initiations of vertical and diagonal shadows are appropriately at the same time 
by case 2 and 4. What’s more, case 6 crack more easily than others, because the four edges temperatures are rising while the 
central part not rise at all, therefore, the borderline is dragged by the expanding edges, and as a result, bigger tensile stress is 
built more quickly than that of other cases, especially at the borderline corners. And the most common glass type like case 7 
is also appropriate for glass installation. To present the crack location directly, 11 simulation results are shown in Fig. 7. 
The white point in the picture is the location of crack initiation, and then it going to propagate according to stress 
distribution. 
Table 3. Time of the first crack and its location 
Case number Time of first crack Crack location 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
18.0 
17.6 
17.6 
17.6 
18.4 
11.8 
17.6 
17.2 
18.0 
18.0 
16.4 
Exposed area (center) 
Exposed area (edge) 
Exposed area (edge) 
Exposed area (edge) 
Borderline 
Borderline 
Borderline 
Exposed area (edge) 
Borderline 
Exposed area (center) 
Borderline 
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Fig. 7. Location of crack initiated, from (1) to (11).     
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Fig. 8. Crack propagation path of case 11. 
The single crack of case 11 is presented in Fig. 8. The crack stops at the edge of the glass pane. It propagates smoothly 
only in less than one second and the speed of the crack is about 2401 m/s here. Therefore, the crack initiation and 
propagation can be predicted accurately using the finite element software. Multi-crack simulation is still under study. 
3.3. Results and discussion 
The glass fractures in different shaded conditions were obtained from the simulation results. The temperature, stress and 
crack were stated in detail in previous sections, which are benefit to the glazing installation in engineering.  
The window glass crack is influenced by many factors when exposes to fire, such as glass thickness, material of frame, 
window size, glass defects and location of combustion source [6, 8, 9]. However, the simulation results present that the type 
of shade is also an important factor which can influence the distribution of tensile stress and time of crack initiation. Thus, 
the results are significant to predict the crack behaviour of glass in fire. According to the simulation results, it was found 
that the glass pane may break even without shade when thermal load is big enough. In addition, case 5 is obviously the 
safest shaded type. In fact, this type is rarely used because of its uselessness and clumsiness. Crack initiation of case 11, 
which can be installed on the wall of building with four corners at shaded areas, is one of the earliest and its crack trend is 
easy to divide the glass into two parts causing it falling out as shown in Fig. 8. For this reason, the type of shade had better 
be used with caution. The glasses shaded as case 7 are the most common type used in China, and they are generally shaded 
by aluminum alloy or high-quality timber with rubber filling between them. As its crack time is a medium value among 11 
cases and installing this type of glass is simple and practicable, it is recommended to be used in engineering here.     
On the basis of the Fig. 4 and Fig. 7, it is suggested that nearly all crack initiations occurs at the edge of glass pane or the 
borderline of shadow, where the thermal stress is maximal in the whole glass. At the moment before the first crack initiation, 
the first principal stress grows appropriately to the glass strength and the stress distribution has a good symmetry. In real 
case, the defects and injuries in glazing pane are also inevitable in these locations causing by glassmaking and installation. 
Therefore, considering the stress fields and glass condition, the edge and borderline are both regarded as the most easily 
broken area that should be paid great attention to. Especially in engineering application, the protection of glass edge and 
shaded borderline, such as polishing the pane edge or clean up the impurity before installation, is necessary. If possible, 
using the glass of few flaws may be helpful to avoid breaking in fire, but the cost will be high.  
The results of calculations and analysis can help us to determine which case is relatively safer and provide the 
engineering advice for glass shaded patterns. The stress and SIF also can be simulated just by replacing the thermal physical 
parameters when the type of glass or the shaded condition changes. It can be appropriate for many window shaded designs 
and be used to verify whether the glass is enough for a particular application. 
4. Conclusions 
In this work, eleven different shading cases were simulated using finite element method software, to investigate the 
effects when the glass is exposed to fire. The temperature loads was designed to correspond reasonably closely to real fire 
scenarios. By simulation, the stress field and crack development caused by variable temperature differences t were obtained 
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for the analysis. In the eleven cases, case 5 was chosen as an example to investigate the temperature variation and stress 
distribution from first principles. The maximum 1 of the other cases are also nearly 40 MPa, which is the stress threshold 
for the glass pane to begin cracking. The stress variation by time is also presented for investigating the situation of typical 
points. The simulation results also show that nearly all kinds of shaded glass crack at the edge, which obviously becomes 
the most easily broken area that should be the focus of most attention to protect by means of engineering design. Because 
case 7 takes the longest time for the first cracking to occur, it is suggested that case 7 is an acceptable method for window 
shading design, whereas case 11 is not recommended in real applications. It is concluded that the FEM software EASY can 
help to simulate the glass thermal response and crack propagation under different shaded conditions in fire, but more 
research is also needed to improve the software. 
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